Proteins belonging to the B-subtype of the Hsp100/Clp chaperone family execute a crucial role in cellular thermotolerance. They cooperate with the Hsp70 chaperones in reactivation of thermally aggregated protein substrates. We investigated the initial events of the disaggregation reaction in real time using denatured, aggregated green fluorescent protein (GFP) as a substrate. Bacterial Hsp70 (DnaK), its cochaperones (DnaJ, GrpE) and Hsp100 
INTRODUCTION
Protein folding and maintenance in the cell require several molecular chaperones, which form transient, dynamic complexes with their protein substrates through hydrophobic interactions (1, 2) . Chaperone proteins from several families specialize in performing particular functions; therefore cooperation between chaperones from different families is very often required (1, 2) . Research in many laboratories has defined the function of chaperones within individual families. Yet, the mechanistic details of the cooperation among the chaperones of different families are much less understood.
ClpB, a member of the Hsp100 family in Escherichia coli, was identified as a thermotolerance conferring factor since mutations in the clpB gene severely decrease the survival rate of bacteria exposed to extreme heat (3, 4) . In yeast Saccharomyces cerevisiae a similar decrease was observed in the survival rate of the hsp104 deletion strain (5, 6) which lacks the cytosolic member of the Hsp100 family. It was also shown that Hsp78, a mitochondrial member of the same chaperone family plays a role in the thermotolerance of the respiratory function of mitochondria (7) . Heat treatment of both bacteria and yeast results in the accumulation of aggregated proteins inside cells (8) (9) (10) . Consistent with the above results, these aggregates are not eliminated in clpB or hsp104 deletion strains. (8) (9) (10) .
Studies on the reactivation of aggregated proteins following thermal stress showed that chaperones from the Hsp100 family alone are not sufficient for disaggregation. Other chaperone proteins are additionally involved in this process. For example, in E. coli Hsp70 (DnaK) and its cochaperones cooperate with ClpB in the disaggregation of several aggregated proteins (10) . Similarly, in studies performed on yeast it was shown that besides Hsp78, mitochondrial Hsp70 and its cochaperones are needed for protection and reactivation of the organelle functions following heat stress (7, 11) .
The E. coli Hsp100 (ClpB) protein belongs to the AAA+ (ATPase associated with various cellular activities) superfamily of proteins. AAA+ proteins self-assemble into oligomeric structures and use the energy from ATP hydrolysis to remodel their target substrates (12) . ClpB consists of an N-terminal domain and two ATP binding domains, which mediate ATP hydrolysis and are essential for ClpB oligomerization and chaperone function (13) (14) (15) (16) (17) , and are separated by a "linker" region (18) . Recent structural data obtained for ClpB from Thermus thermophilus show that the hexamer of this protein forms a two-tired ring structure with a 16Ǻ hole in the top ring and six smaller openings on the lateral surface of the molecule (19) .
The other group of chaperones required for efficient protein disaggregation, that is Hsp70 and its cochaperones, has been studied for a relatively long time. The E. coli Hsp70 (DnaK) chaperone and its DnaJ and GrpE cohorts play a role in a variety of cellular processes including the folding of newly synthesized proteins (20, 21) , as well as preventing protein aggregation under stress conditions (10, 22, 23) . Correct selection of substrates is crucial for DnaK function. The affinity of DnaK for substrates is regulated by ATP, e.g., DnaK exhibits low affinity and a fast exchange rate for substrates in the ATP bound state and high affinity and a low exchange rate in the ADP bound state (24) . DnaJ triggers the hydrolysis of DnaKbound ATP (25) and thus modulates DnaK's affinity for substrates. An additional role of DnaJ is to target substrates to DnaK (26) (27) (28) (29) . Substrate release is mediated by ADP/ATP exchange, a process catalyzed by the GrpE cochaperone, a nucleotide exchange factor. In some processes, the DnaK/DnaJ/GrpE chaperone system cooperates with other chaperones, for example with the Hsp60 (GroEL/GroES) system in protein folding (30) and both Hsp100 (ClpB) (31) (32) (33) and small heat shock proteins (IbpA, IbpB) (34) in the disaggregation of protein aggregates. The ability of the DnaK/DnaJ/GrpE system itself to reactivate aggregated proteins is limited to certain substrates, including RNA polymerase (35, 36) and the DnaA protein (37, 38) . The addition of ClpB protein to the DnaK/DnaJ/GrpE reactivation system results in a much broader range of potential substrates, and furthermore lowers the concentration of chaperones needed for the efficient resolubilization of aggregated substrates in vitro (31, 32, 39) .
Similar chaperone systems able to actively disaggregate denatured protein substrates in vitro were established for yeast cytosolic and mitochondrial chaperone proteins. Each of these systems, in analogy to the bacterial one, consists of a member of the Hsp100 family (Hsp104 for yeast cytosol and Hsp78 for yeast mitochondria) and an Hsp70 family member with its cochaperones ( Ssa1p and Ydj1p for yeast cytosol and Ssc1p, Mdj1p and Mge1p for yeast mitochondria) (41, 42) . Attempts to replace the components of each system with the homologous chaperones from another cellular compartment or organism indicated that a specific functional cooperation exists between chaperones from the Hsp100 and Hsp70 families in the reactivation process (40) (41) (42) . However, the mechanism of this cooperation and the order of events leading to efficient disaggregation are unclear.
We investigated in detail the requirements for the cooperation between ClpB and the DnaK/DnaJ/GrpE system in the disaggregation of aggregated substrate proteins. To do this, we developed a system that enabled us to follow real time measurements of the disaggregation reaction. 
EXPERIMENTAL PROCEDURES
Protein purification. GFP was purified from E. coli DH5α transformed with the pGFPuv plasmid (Clontech). GFP overproduction was induced by IPTG addition. Cells were lysed in a French press (Aminco) at 10 000 psi. The bacterial lysate was centrifuged at 26 000 rpm for 30 minutes and the supernatant was mixed on ice with 96% ethanol (1/1; vol/vol).
Ethanol-precipitated proteins were sedimented at 28 000 rpm. Green fluorescent supernatant containing mostly GFP was immediately dialyzed against buffer containing 40 mM Tris-HCl, pH 7.5, 10% glycerol (v/v), 100 mM NaCl. After addition of ammonium sulphate to 20% of saturation, proteins were loaded on a Phenyl-Sepharose HR5/5 (Pharmacia) column and eluted with a 100 ml 20% -0% ( % of saturation) ammonium sulphate and 0-20% (v/v) glycerol gradient. Fractions containing GFP were pooled and dialyzed to remove salt. GFP present in these fractions was concentrated by a step elution from a 2 ml Q-Sepharose Fast Flow (Pharmacia) column with buffer containing 40 mM Tris-HCl, pH 7.5, 10% (v/v) glycerol and 150 mM NaCl .
Published protocols were used for the purification of E. coli DnaK, DnaJ, GrpE, (43) and ClpB (44) . Firefly luciferase (E 1701) was purchased from Promega. Protein concentrations were determined with the Bradford (Bio-Rad) assay system, using BSA as a standard. Molar concentrations are given assuming a hexameric structure for ClpB and a monomeric structure for the rest of the proteins.
GFP disaggregation experiments. GFP at a concentration of 2 mg/ml was thermally inactivated in buffer containing 40 ATP regenerating system (10 mM phosphocreatine, 100 µg/ml phosphocreatine kinase), 0.15 mg/ml BSA and chaperone proteins as indicated in the figure legends. The luciferase activity was determined in a Beckman scintillation counter using the Luciferase Assay System (Promega E1500).
RESULTS

GFP disaggregation depends on both the DnaK and ClpB chaperones.
To study in detail the cooperation between ClpB and the DnaK and cochaperones in the disaggregation of substrate proteins, we developed a system which allowed us to follow real time measurements of this reaction. We took advantage of the fact that the fluorescence of the green fluorescent protein (GFP) depends on its proper folding. Only when the chromophore group is buried inside the β-barrel like structure can the fluorescence characteristic to GFP be detected (45) .
We destabilized the otherwise extremely stable GFP protein structure by thermal denaturation 
Preincubation of aggregated GFP with DnaK/DnaJ results in faster start of disaggregation.
To investigate the order of chaperone action in the disaggregation reaction, GFP aggregates were preincubated first in the spectrofluorometric cuvette for 5 minutes in the presence of ATP with either ClpB or DnaK/ DnaJ/GrpE chaperones. Then, at time 0, the missing chaperone components were added and GFP fluorescence was monitored. When GFP aggregates were first incubated with ClpB, before the addition of the DnaK/DnaJ/GrpE chaperones, the lag phase in the increase of fluorescence was the same as that observed when the complete set of chaperone proteins was added simultaneously (Fig. 3 A,B) . In contrast, when GFP aggregates were incubated first with the DnaK/DnaJ/GrpE chaperones, followed by ClpB addition, no lag phase was observed and GFP fluorescence increased linearly from the moment of ClpB addition (Fig. 3 A,B) . In both cases, the efficiency of GFP disaggregation was similar (approx. 40% of the fluorescence of non-denatured GFP). We calculated and compared the rates of GFP refolding during the disaggregation reactions.
Based on the shape of the fluorescence curve, we chose two time periods in which the reaction rates were calculated, the initial rate (the average rate in the first two minutes of the reaction) and final rate (the rate during the linear increase of fluorescence measured between 10 and 12 minutes of the reaction). The initial rate of GFP refolding was ~ 4.6 fold higher in the case when aggregated GFP was preincubated with DnaK/DnaJ/GrpE as compared to ClpB preincubation (Fig. 3C ). The comparison of the final rates gave nearly the same value regardless of the order of chaperone addition (62.6 ng of GFP refolded per min for DnaK/DnaJ/GrpE preincubation and 59 ng of GFP/min for ClpB preincubation) (Fig. 3C) .
These results taken together show that the DnaK chaperone system must interact with aggregated GFP prior to ClpB chaperone.
To further determine which component of the DnaK system is needed at the preincubation step, GFP aggregates were incubated either with DnaK or DnaJ alone, or with both DnaK and DnaJ, or with the whole DnaK system (DnaK/DnaJ/GrpE). Following this, the missing chaperones were added and GFP fluorescence was monitored. Preincubation of aggregated GFP with DnaK or DnaJ resulted in initial rates comparable to those measured when no chaperones were present at the preincubation step (Fig. 4A) . In contrast, preincubation of GFP aggregates with both DnaK and DnaJ resulted in a fast initial rate of fluorescence increase, comparable to the rate measured following preincubation with the entire DnaK/DnaJ/GrpE chaperone system (Fig. 4A ). These experiments demonstrate that the simultaneous presence of at least DnaK and DnaJ is required at the initial step of the disaggregation reaction.
Presence of ATP is required at the initial step of disaggregation. It is known that
DnaK's affinity for substrates depends on the nature of its bound nucleotide, and that this process is regulated by the DnaJ cochaperone. DnaJ also targets various substrates for DnaK binding (26) (27) (28) (29) . DnaK and DnaJ were incubated in the spectrofluorometric cuvette with aggregated GFP in the presence of 1 mM ATP, ADP, or ATPγS. After 5 minutes ClpB and GrpE were added to the cuvette, and ATP concentration was increased to 10 mM. The rapid increase of GFP fluorescence was observed only in the case when ATP was present in the preincubation reaction (Fig.4B) . The presence of ADP or ATPγS (Fig. 4B) had also been previously shown to depend on both Hsp70 and Hsp100 for its disaggregation (33, 40, 41) . To obtain luciferase aggregates, we denatured it first in the presence of 2 M GuCl, followed by dilution into buffer without denaturant. Such treatment results in high molecular mass luciferase aggregates. We preincubated such luciferase aggregates with either ClpB, DnaK/DnaJ/GrpE, or alone in the presence of ATP. Then the missing chaperones were added and the luciferase activity was measured at the indicated time points. A three minute lag period in the reactivation reaction was observed when no chaperones or ClpB was preincubated with luciferase ( Fig. 5) . In contrast, when the DnaK/DnaJ/GrpE chaperones were preincubated with luciferase, no initial delay in the reactivation reaction was observed (Fig. 5) , consistent with the results obtained for GFP disaggregation. In all cases, the final efficiency of luciferase refolding was similar and reached approx. 60% of the non-denatured control activity.
To ensure that our results are not restricted to a specific set of chaperones, similar luciferase disaggregation experiments were performed with purified Hsp78, Ssc1p, Mdj1p
and Mge1p proteins, the yeast mitochondrial orthologues of bacterial ClpB, DnaK, DnaJ and Aggregated GFP was placed in a spectrofluorometric cuvette and the change in the light scattering was monitored following addition of chaperone proteins in different combinations. When ClpB and DnaK/DnaJ/GrpE chaperones were added simultaneously to the cuvette containing aggregated GFP, the light scattering increased to reach a maximum in approx. 2 minutes, followed by a slow decrease (Fig. 6A) . We interpret this initial increase of Figs. 2-4) . Then, in the control experiment, chaperones were added to the cuvette first, and the disaggregation reaction was initiated by GFP addition (Fig. 6B) . Next, we performed an order of addition experiment. Aggregated GFP was incubated first with DnaK/DnaJ/GrpE for 5 minutes, and then ClpB was added to the cuvette. The light scattering signal immediately decreased without any delay following ClpB addition (Fig. 6C ).
This result was consistent with the fluorescence experiments. In both types of experiments, the incubation with the Hsp70 chaperone system prior to the addition of ClpB resulted in a rapid change in fluorescence or light scattering, which we interpret as the immediate start of the GFP disaggregation reaction. Additionally, we noticed that the light scattering signal, following preincubation with DnaK/DnaJ/GrpE increased with a kinetics similar to that observed following the addition of both ClpB and DnaK/DnaJ/GrpE at the same time ( was not added during the first addition of chaperones (only DnaK/GrpE), no increase of signal was observed (Fig. 6D) . Addition of DnaJ at the later step resulted in the characteristic delayed increase of light scattering signal suggesting that the presence of DnaJ is needed for interaction of DnaK/DnaJ/GrpE with aggregated GFP (Fig. 6D) .
Then, we changed the order of chaperone addition and ClpB was incubated with aggregated GFP for 5 minutes, followed by addition of DnaK/DnaJ/GrpE. Following the addition of ClpB an increase of light scattering was observed (Fig. 6E) . However, it is difficult to draw any definitive conclusions from this increase since the ClpB preparation itself scattered the light. The level of scattered light following mixing of aggregated GFP with ClpB equaled approximately to the sum of the signals obtained for both proteins separately (data not shown). The shape of the light scattering curve following addition of DnaK/DnaJ/GrpE was very similar to that seen when both ClpB and DnaK/DnaJ/GrpE were added at the same time (Fig. 6A,E) . A similar increase of light scattering followed by the gradual decrease of the signal was observed. These results correspond well with the fluorescence experiments (Fig. 3) . In both cases, preincubation of GFP aggregates with ClpB did not change the initial rate of the disaggregation reaction. Once a similar experiment was performed in which DnaJ was omitted and only DnaK/GrpE were added following incubation of GFP with ClpB no increase of light scattering was observed (Fig. 6F) . The characteristic delayed increase of light scattering followed by the gradual decrease was observed only after DnaJ addition at the later step (Fig. 6F ).
Experiments presented in Fig. 6 show once more that DnaK and its cochaperones must interact with aggregated GFP for approx.1-2 minutes before ClpB is able to trigger the disaggregation reaction. It is also worth noticing that the final rate of the decrease of scattered light signal is nearly the same for all curves (Fig. 6 ). This result is in perfect correlation with the disaggregation and refolding measured by an increase in fluorescence, suggesting that after the initial Hsp70 dependent rearrangements of the aggregates, the disaggregation reaction proceeds with the same rate.
We further investigated the interactions of chaperones with the aggregated substrate by sedimentation analysis. The heat inactivated, aggregated GFP or the native GFP control were incubated in the presence of different chaperones and ATP or ATPγS and subjected to centrifugation in a glycerol gradient under conditions chosen so that only aggregated proteins reached the bottom of the tube. DnaK and DnaJ sediment in these conditions to the middle of the gradient (27, 47) . We found that both DnaK and DnaJ reached the bottom of the centrifugation tube only when incubated with the aggregated but not native GFP, suggesting that these proteins interact stably with aggregated substrate (Fig. 7) . In contrast, we were not able to detect any complex between ClpB and aggregated GFP in the presence of ATPγS or ATP (Fig. 7) , or in the absence of any nucleotide (result not shown) . This last result suggests that either ClpB does not interact directly with GFP aggregates or that this interaction is not stable enough under the conditions of the experiment. Taking into account the existence of a functional cooperation between Hsp70 and Hsp100, and the fact that the interaction of Hsp70 chaperones with aggregated substrates is rate limiting at the initiation of disaggregation one can speculate that it is the attraction of ClpB to the DnaK/DnaJ-substrate complex that is essential for the cooperation between the Hsp100 and Hsp70 systems. The DnaK/DnaJ bound to substrate may also be potentially involved in the recognition and partial liberation of the polypeptide chain from the aggregate.
DISCUSSION
The extracted polypeptide chain can further be translocated through the ClpB channel. The presence of a such channel, able to accommodate the unfolded polypeptide chain, was shown within the ClpB hexamer (19) . Recently Schliker et al (48) reported that the peptides bind close to the entry of this channel with one peptide per ClpB hexamer stoichiometry. The results of Glover and coworkers (49) showed that the structural integrity of analogous channel was required for Hsp104 function, which supports the proposal that ClpB and Hsp104 use unfolding mechanism in disaggregation and refolding of an aggregated substrate.
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Alternatively, following the DnaK/DnaJ dependent attraction of ClpB to the aggregated substrate, the ATP driven conformational change within ClpB provides a necessary leverage to dissociate large aggregates into smaller ones as was recently suggested (19) . The ClpB chaperone may also assist in further resolubilization of these smaller aggregates through a "capture and release" or translocation mechanism (19) .
It is difficult to speculate on the specific role of GrpE protein at the initial steps of substrate disaggregation. Our in vitro results show that only the presence of DnaK and DnaJ but not GrpE is required during the preincubation reaction. This finding additionally suggests that DnaK and DnaJ stably interact with substrate at this step, since GrpE's function is to release the substrates from DnaK (50) . It is possible that the transfer of the polypeptide chain from the DnaK system to ClpB is GrpE independent and GrpE is required at the later step of polypeptide folding. . Alternatively this reaction does require GrpE but this is not the rate limiting step in this process, hence the reaction proceeds rapidly once GrpE and ClpB are added.
It is very likely that the role of the Hsp70 system is not restricted to participation only at the first step in the disaggregation process, and that these chaperones are also required during the subsequent steps of substrate refolding, which follow the disaggregation reaction.
For example, Hsp70 may be needed to protect the polypeptide chain emerging from the ClpB channel against aggregation and misfolding. The dependence of both the initial step of disaggregation and the final step in substrate folding on the Hsp70 chaperone system would explain why the disaggregation reaction cannot be sub-divided into sequential steps as was previously observed for another aggregated substrate protein, malate dehydrogenase (31).
Further support for our model comes also from the previous in vitro studies which
show that the presence of the DnaK/DnaJ/GrpE chaperone system during thermal inactivation of different substrate proteins increases the yield of active proteins following the bi-chaperone dependent disaggregation process (32, 41) . Moreover, a similar Hsp70 dependent substrate stabilizing effect was observed during the prolonged incubation of the luciferase aggregates on ice. The addition of yeast cytosolic Hsp70 (Ssa1p) and Hsp40 (Ydj1p), but not Hsp100 (Hsp104), to these aggregates was required for the subsequent efficient reactivation by the bi-chaperone system (40) .
It was previously suggested, that the reactivation of an aggregated protein substrate is a sequential reaction (31, 51, 52) . The first step, disaggregation of aggregates, was shown to be dependent on the bi-chaperone (ClpB-DnaK) system. It was postulated that during this step ClpB binds to the substrate before chaperones from the DnaK system (31, 51) . This suggestion was based on the observations that following incubation of ClpB with aggregated malete dehydrogenase the increase of light scattering was observed and the average rate of disaggregation reaction was slightly faster following preincubation with ClpB as compared to the preincubation with chaperones from the DnaK system (31) . However, these studies did not address the problems of the delay and the initial rate of substrate refolding, since the methods used did not allow measurement of disaggregation and refolding reactions in real time.
Recently it was also shown that the ClpB "trap" mutant, which stably interacts with aggregated substrate, prevents in competition experiments DnaK's binding to these aggregates and inhibits disaggregation reaction (14) . These competition studies do not necessarily conflict with ours, since both ClpB and DnaK recognize a similar amino acid motif (47) .
Moreover, it is not known how specific, compared to the wild type ClpB, is the interaction of 
